Experiments were conducted with segments of corn roots to investigate whether nitrate reductase (NR) is compartmentalized in particular groups of cells that collectively form the root symplastic pathway. A microsurgical technique was used to separate cells of the epidermis, of the cortex, and of the stele. The presence of NR was determined using in ritro and enzyme-linked immunosorbent assays. In roots exposed to 0.2 millimolar N03-for 20 hours, NR was detected almost exclusively in epidermal cells, even though substantial amounts of NO3-likely were being transported through cortical and steler cells during transit to the vascular system. Although NR was present in all cell groups of roots exposed to 20.0 millimolar NO3-, the majority of the NR still was contained in epidermal cells. The results are consistent with previous observations indicating that limited reduction of endogenous NO3-occurs during uptake and reduction of exogenous NO3-. Several mechanisms are advanced to account for the restricted capacity of cortical and stelar cells to induce NR and reduce NO3-. It is postulated that (a) the biochemical system involved in the induction of NR in the cortex and stele is relatively insensitive to the presence of NO3-, (b) the receptor for the NR induction response and the NR protein are associated with cell plasmalemmae and little NO3-is taken up by cells of the cortex and stele, and/or (c) N03-is compartmentalized during transport through the symplasm, which limits exposure for induction of NR and NO3-reduction.
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Experiments with wheat and corn seedlings using 15N03-have revealed that NO3-reduction in roots may be localized in a specific cellular compartment (1, 17, 18) . Following induction of the N03 transport and reduction systems, exogenously supplied NO3-being taken up by the root was readily reduced and translocated to the xylem. In contrast, endogenous NO3-which had been previously accumulated in the tissue was readily translocated or effluxed to the external solution, but minimal amounts were reduced. This observation was plasmalemmae into a cellular compartment containing NR2 (18) . It was envisioned further that endogenous NO3-could be reduced only after efflux into the external solution and reabsorption into the NR compartment (18) . The physiological basis for this apparent compartmentation effect, however, has not been resolved.
Available evidence indicates that at low ionic concentrations in the rhizosphere, mobile ions are absorbed predominantly by cells of the epidermis or outer cortex at the root periphery (14, 20, 31 , and references therein). The radial pathway for N03-movement in the root thus likely would involve uptake by epidermal or outer cortical cells at the root periphery, symplastic transport through the cortex and stele, and release from the symplasm into the xylem at xylem parenchyma cells (6, 9, 16, 27) . Accordingly, a possible explanation for limited reduction of endogenous NO3-is that NR is localized predominantly in cells at the root periphery. Ifthat were so, then symplastic NO3-which had proceeded past the peripheral cell layers and NO3-originating from storage pools in the highly vacuolated cells ofthe cortex could be translocated inward to the vascular system without being accessible for reduction.
This manuscript describes a study with corn seedlings to determine whether NR is localized in specific cells in the root symplasm. The experiments involved microsurgical separation of epidermal, cortical, and stelar cells, with detection of NR by in vitro assay of enzyme activity and by immunological determination of NR protein. In addition, roots were examined that had been exposed to low and very high concentrations ofsolution NO3-to determine whether the symplastic location(s) of NR changed when the rate of NO3-influx into the root tissue increased (22) . The localization results, when considered together with results from other studies using '5N, can be used to begin evaluating some of the physiological controls governing reduction during NO3-transit through the root symplasm.
MATERIALS AND METHODS Plant Culture. Culture conditions were similar to those in previous experiments using '5NO3-, which revealed the apparent compartmentation effect (17, 18) . Corn seeds (Zea mays L. Dekalb XL-45) were germinated in a dark germination chamber at 30°C and 98% RH. After 3 d, seedlings were selected for uniformity, all roots except the primary root were excised, and groups of seedlings were assembled in hollow plastic stoppers with the primary roots threaded through punched holes. Mois-tened cotton was placed over the endosperms, and the seedling roots then were suspended in a NO3-free nutrient solution in the dark germination chamber as before. This pretreatment solution and subsequent treatment solutions contained 0.05 mM K2SO4, 0.4 mr KH2PO4, 0.5 mm CaSO4, trace elements at 50% Hoagland solution, and 3 mg Fe L`as Fe-DPTA (CIBA-Geigy Corp., Greensboro, NC).3 The solutions were initially adjusted to pH 6.1 with KOH and aerated continuously. On d 4, seedling mescotyls were excised and covered with dry cotton to absorb stem exudate. The seedling roots then were placed into treatment solutions containing 0.2 or 20.0 mm KNO3 for 20 h under similar conditions in the dark germination chamber. The low N03 treatment solution was supplemented regularly with KNO3 to ensure that depletion effects were minimized. The 20 h exposure to NO3-is sufficient to fully induce NR activity in the root (12) .
Tissue Dissection. At the end of the induction period on d 5, seedlings were removed individually from the treatment solutions and a 3-cm section of the primary root extending 6 to 9 cm from the root tip was excised. This root section is located just below the zone of lateral root emergence from the pericycle. The segment was cut immediately into 1 cm pieces, which were placed into a beaker containing the respective nutrient solution. At x30 magnification, each 1 cm piece of root was dissected, using No. 5 Dumont style tweezers to sequentially strip all epidermal cells and then cortical cells, leaving cells of the stele intact. The strips of cells were placed into drops of 0.1 mM CaSO4 until removal of a cell layer was complete (about 5 min); the group of strips then was blotted lightly to remove excess water and placed into vials on dry-ice until sufficient tissue (50-100 mg of each cell type) had been collected to permit assay of NR activity or the presence of NR protein. The dissection procedure usually required 4 to 5 h. During the dissections, additional root sections (3-cm) were excised and frozen intact for later NR analysis.
Stereological methods were used to evaluate the accuracy of the cell layer separations. This involved determination of the cross-sectional area of each targeted cell group with whole segments and of segment pieces after epidermal and cortical cell layers were removed. Tissues were fixed, embedded in paraffin, cut at 10 um, and stained. The sections were analyzed at x 100 with a Nikon Biophot microscope equipped with a video camera and monitor and interfaced directly to a microcomputer. The areas shown in Table I represent means from eight sections obtained from each of three root segments (n = 24), among which there was little variability.
In Vitro NR Assay and ELISA. Within 1 h after the dissections were completed, the frozen root tissue was ground using 2 ml glass grinders (Ten Broeck homogenizers) in a medium (5-10 ,l mg' fresh weight) containing 50 mm phosphate buffer (pH 7.5), 1.0 mm EDTA, 5 mm cysteine, and 3% w/v casein (8) . The extract was centrifuged at 15,000g for 10 min at 4°C. About half of the supernatant was used immediately in the in vitro NR assay. The other half of the supernatant was immediately refrozen on dry ice, and kept frozen during overnight shipment to another laboratory (that of W. H. Campbell), where the ELISA for NR protein was conducted within 48 h.
The in vitro assay mixture (240 Ml) contained 50 mm phosphate buffer (pH 7.5), 10 mM KNO3, 0.4 mM NADH, and 100 Al of the tissue extract. Incubation was for 30 min at 30°C; the reaction was terminated and excess NADH oxidized by the addition of 100 AI of 1.0 M acetaldehyde and 13 units of ADH (32) . Nitrite was determined by the standard colorimetric procedure (8) .
Mention of a trademark or proprietary product does not constitute a guarantee or warranty of the product by the United States Department of Agriculture and does not imply its approval to the exclusion of other products which also may be suitable. The ELISA was conducted using monospecific rabbit antiserum prepared against corn leaf NADH:NR as described previously (3). The ELISA was standardized using crude extracts from corn leaves and roots, and could detect as little as 1 ng of NR protein. Although the ELISA is an assay for NR protein, the results are presented in activity units since no definitive standard was available for corn root NR protein.
RESULTS
Cross-sections of the corn root segment used in these experiments, before and after cell layer dissections, are shown in Figure  1 . Microscopic examination of the intact segment (Fig. IA) indicated a total cell area of about 260,000 Mm2 (Table I) . Of the total area, 7% was epidermis, 72% cortex, and 21% stele. The surgical technique was successful in separating the three cell groups, as determination of the area of remaining cell group(s) following successive removal of epidermal (Fig. I B) and cortical (Fig. IC) cells indicated the dissected tissues were cross-contaminated less than 10% (data not shown).
Analysis of dissected cell groups revealed different patterns of distribution of NR in the low and high NO3-treatments (Table  II) . With roots which had been exposed to 0.2 mm N03 , NR activity and NR protein were detected almost exclusively in epidermal cells. The very low NR activity which was found in cortical cells could reflect contamination from attached epidermis (Fig. 1 B) . In contrast, considerable NR activity and protein were present in all cell groups at 20.0 mM NO3- (Table II) . A large majority of the NR (>70%), however, still was located in the epidermal cells. The data shown in Table II are from a single experiment. Five similar experiments were conducted with low (0.2 or 0.3 mM) and high (7.0 or 20.0 mM) NO3-treatment conditions, and the pattern ofNR distribution among cell groups was essentially the same in each.
In both low and high NO3-treatment conditions, the sum of the activities of the different cell groups consistently has been less than the activity of the whole segment (cJf Table II ), indicating that some NR activity and protein are lost during the dissection and analytical procedures. Thus, the validity of the observation that NR is localized predominantly in epidermal cells rests upon the assumption that any loss or decay of NR occurred uniformly in the three cell types.
DISCUSSION
The dissection experiments clearly indicated that, in the particular section of corn root examined, NR (and presumably nitrate reduction) was localized primarily in cells at the root periphery. The localization was apparent especially in roots which had been exposed to low concentrations of NO3-in solution, the condition ofgreatest physiological importance since it is thought to resemble that occurring in agronomic situations. The results thus are in agreement with previous kinetic observations with '5N which demonstrated limited reduction of endogenous NO3-in similar but intact corn roots (17, 18 enter cells of the cortex and endodermis directly, bypassing the epidermis. Yet, even in the high NO3-treatment, NR activity and protein in the cortex and stele were relatively low compared to that in the epidermis (Table II) . Consistent with this observation, results from previous '5NO3-uptake experiments indicate relatively little reduction of endogenous "'NO3-occurred even when tissues were preloaded at high external "'NO3-concentrations (18) . The observation that NO3-is transported through cell regions in the root symplasm with little induction of NR is somewhat analogous to that with corn (c4) leaves (10, 24) . In the leaf system, cell isolations have revealed that NR is localized almost exclusively in the mesophyll, even though NO3-must be transported through bundle sheath cells while moving from the xylem to the mesophyll. Small amounts of NR activity consistently were detected in bundle sheath cells, raising the possibility that they contain the NR induction system.
How is it that some plant tissues contain cells which apparently have a restricted capacity for induction of NR and the associated reduction of NO3-? We can propose three mechanisms which, individually or in concert, could be responsible for such an effect in the root symplasm. The first is that the biochemical system involved in the induction of NR in cells of the cortex and stele has regulatory characteristics which result in decreased sensitivity to the presence of NO3-relative to the system in cells of the epidermis. This could be due to factors such as repression or to the presence of regulatory proteins with a relatively low affinity for NO3-, which are de-repressed or offset to a degree by very high concentrations of NO3-. A biochemical restriction due to inactivation of NR apparently is not involved, as inactive enzyme would have been detected in our experiments by the ELISA.
A second possibility is that the receptor (regulatory protein?) for the NR induction system and the functional NR protein both are associated with the interior of the plasmalemmae of root cells; thus, induction of NR and NO3-reduction would be regulated by transport of NO3-through the membrane into the cell cytoplasm. In this circumstance, NO3-uptake and reduction would be limited to epidermal cells at low solution concentrations of NO3-. It is unclear to what extent NO3-penetrates the apoplasm at low concentrations. There is some evidence to suggest that, even if NO3 migrates to the casparian strip, uptake into cortical and endodermal cells could be restricted (14, 31) , possibly due to repression of the membrane carrier system or to low affinity of the carriers for the NO3-ion. At high solution concentrations, extensive penetration into the apoplasm would be expected, resulting in some NO3-uptake, induction of NR and reduction of NO3-in cortical and endodermal cells. An association between NR and the tonoplast and plasma membranes has been observed with Neurospora (30) . An NR-tonoplast association, however, apparently is inconsistent with the situation in corn roots, where endogenous (stored) NO3-can be transported but largely escapes reduction ( 18) .
A third mechanism to account for localization of NR predominantly in peripheral cells is that NO3-is compartmentalized during transit through the symplasm in a transport system which limits direct interaction of NO3-with the cytoplasm of cells in the cortex and stele. The existence of a 'symplastic' transport system which is associated with the ER and desmotubule of plasmodesmata has been proposed previously (15, 16, 29 , but refer to Refs. 11 and 25 for additional information on the desmotubule). Evidence for the system is derived primarily from ultrastructural studies and experiments involving cytological localization of Cl-. Such a system is depicted in Figure 2 . Within this scheme, it is envisioned that at low solution concentrations ( Fig. 2A) , NO3-would enter the symplasm predominantly at epidermal cells, induce NR, and then be either reduced or loaded into the transport network and proceed inward to the vascular tissue. To be consistent with all experimental observations (17, 18) , the transport system must be associated closely with vacuole tonoplasts to allow translocation of 'stored' NO3-to the xylem without induction of NR or reduction of NO3-in cells of the cortex and stele. Indeed, results from kinetic experiments have implied the existence of a cytoplasmic compartment which allows direct transfer of ions between the apoplast and vacuole without mixing with the bulk cytoplasm (19, 26) . At high N03 concentrations (Fig. 2B) , the presence of NR in cortical and stelar cells could reflect extensive NO3-migration in the apoplasm and NO3-uptake directly into cell cytoplasms. Also, if the NO3-uptake rate into peripheral cells increases substantially at higher ambient NO3-concentrations, then it is conceivable that the symplastic transport system could become overloaded, resulting in NO3-movement through alternative pathways of the plasmodesmata (cf 28) into the cytoplasm of interior cells.
There is no direct evidence available to allow critical assessment of the relative involvement of these three mechanisms, or ofothers, in the localization ofNR. Regardless ofthe exact cause, the effect itself provides a basis for understanding a number of observations relating to NO3 reduction in roots. The same cellular location for NO3-uptake and reduction at physiological concentrations of NO3-, for example, would contribute significantly to the often observed parallelism in the two processes during induction and in response to inhibitors (13, for review) , without the necessity of invoking a direct biochemical coupling (2). In addition, root NO3-reduction and NR activity tend to saturate with increasing NO3-concentration in solution even though NO3-uptake and translocation to the shoot increase (4, 22) . While saturation could reflect biochemical limitations in the root, as suggested by Morgan et al. (22) it also would be the expected consequence of increasing NO3-penetration into the apoplasm and uptake into cells possessing limited capacities for NO3-reduction.
It should be noted that MacKown et al. (18) suggested that longitudinal differences might be involved in the apparent compartmentation of NO3-reduction in roots. Mature basal regions of corn roots can have lower NR activities than apical regions (33) . Thus, much of the endogenous NO3-in roots may be localized in cellular areas with relatively low NR activity, which would result in limited reduction relative to that of exogenous NO3-being rapidly taken-up nearer the root apex. It is therefore necessary to include the caution that factors in addition to compartmentation of NR at the periphery of the root symplasm could contribute to the kinetic observations in experiments with '5NO3- (1, 17, 18 ). 
